Abstract: Deregulated signal pathways are promising targets for cancer therapy as they can drive tumour growth, survival, invasion, and metastasis. In most hospitals around the world, histopathological cancer diagnosis is based upon formalin-fixed and paraffin-embedded (FFPE) tissues. In this study, we evaluated whether phosphorylated signaling proteins can be extracted from cells and tissues after formalin fixation. Three epidermal growth factor (EGF) receptor-positive cell lines were stimulated with EGF for various time points and then either fixed with formalin or left unfixed before protein extraction. Using Western blot, we were able to detect all phosphorylated proteins analyzed, including activated (phosphorylated) extracellular signal-regulated kinase (ERK) 1 and 2. There were no differences between formalin-fixed and unfixed cells. Because ERK1/2 kinases are involved in HER2-mediated signal transduction, we applied our methodology to study ERK1/2 and phospho-ERK1/2 in 20 primary breast cancers using protein lysate microarray technology. We found a statistically significant correlation between HER2 status and ERK1/2 expression; however, activation (phosphorylation) of ERK1/2 was independent of HER2 expression. Our study demonstrates the successful extraction of phosphorylated proteins from FFPE tissue samples. Monitoring phosphorylated signaling proteins in FFPE tissues, as applied here, may allow us in the near future to infer the activity levels of proteins in particular pathways as starting point for the design of individual combination therapy regimens without changing the routine clinical workflow for tissue analysis.
INTRODUCTION
Gene mutations in oncogenes and tumor suppressor genes, as well as associated deregulations of central cellular pathways are the main causes for tumor development and progression. Cancer, therefore, is a genomic as well as a proteomic disease [1] . These pathways -in which receptors, adapter molecules, signal transduction proteins, and other kinds of molecules are involved -regulate a variety of circuits, responsible for diverse cellular functions, such as growth, proliferation, differentiation and survival [2] . Signal transduction occurs via hierarchical phosphorylation and dephosphorylation of key components of the pathways, mirroring the activity of specific nodes within the phosphoproteome. One of the best known mitogen activated protein kinases (MAPK), which has extensively been studied before, is ERK1/2 (extracellular signal-regulated kinase 1 and 2). The functions, regulation, role in cancer, and therapeutic targeting of ERK1/2 have recently been summarized [3] . The MAPK pathway is downstream of the ras proto-oncogene whose activation is associated with development and progression of tumours. As signaling molecules such as MAPK are excellent drug targets and may be used as surrogate *Address correspondence to this author at the Institut für Pathologie, Technische Universität München, Trogerstrasse 18, D-81675 München, Germany; Tel: ++49-89-4140-4591; Fax: ++49-89-4140-4915; E-mail: kf.becker@lrz.tum.de markers for predicting response to novel therapeutic approaches, one of the major scientific goals is to characterize in detail the information flow within cells, tissues, organs, and organisms [4] [5] [6] .
During the past decades, many attempts have been made to unravel possible connections between activated receptor tyrosine kinases and other intracellular oncogenes and pathways in order to identify potential therapeutic target structures [7] . Herceptin and Gleevec, targeting HER2 (ERBB2) and BCR/ABL (and c-KIT, PDGFR) respectively, are examples for the success of these tasks. It is estimated that tumor therapy can be markedly improved in the near future by inhibiting specific deregulated signaling proteins. Unfortunately, there is often a lack of correlation between laboratory studies using cell lines or animal models and clinical studies [8] . The percentage of patients responding to the new inhibitors is often less than 30% [9] . One of the reasons for this rather low percentage of responders may be that the diagnostic markers currently in use for predicting response are not optimal. In addition, the low predictive value of published preclinical data may be due to the limited number of cell line-based models; these cannot reflect the molecular heterogeneity of tumors defined by histology or stage of disease found among patients.
The portfolio for current routine diagnostic methods is mainly based on immunohistochemistry and fluorescence in situ hybridization (FISH). However, in order to identify those patients who will benefit from novel therapeutics, quantitative and multiplexed technologies that can be adapted to routine diagnostic pathology are needed in addition to immunohistochemistry and FISH. Moreover, combinations of molecularly targeted anticancer agents are proposed, some of which are already tested in clinical trials. Obviously, more reliable assays for clinical use for either patient selection and/or measuring pharmacodynamic effects of drugs are required [8] .
For the development and application of such methods, Institutes of Pathology will play a major role. We have accepted this challenge and started to establish novel technologies for the precise measurement of disease markers in routine clinical tissues. Because formalin fixation and paraffin embedding (FFPE) is the standard procedure for tissue handling in hospitals world-wide, our focus is on FFPE samples. Very recently, we succeeded in extracting full-length immunoreactive proteins from FFPE tissues, and subsequently used reverse phase protein microarrays to quantify important clinical proteins, including HER2 [10, 11] . Our vision is that protein networks -rather than single proteins -will be the focus of clinical studies using FFPE tissues and aiming at dissecting the molecular basis of targeted therapies. In this study, we evaluated the extraction efficiency of phosphorylated proteins from formalin-fixed cells in vitro, and for the first time applied the method to analyze ERK1/2, key factors for HER2-mediated signal transduction, in a series of formalin-fixed primary breast cancer tissue samples.
MATERIALS AND METHODOLOGY

Cell Lines
The squamous cell carcinoma cell line A431 was used as reported earlier [12] . The human glioblastoma cell lines LN-18 and LN-229 were used as described [13] . All cells were cultured in Dulbecco's Modified Eagle's Medium (Invitrogen, Paisley, UK) supplemented with 10% foetal calf serum (PAA, Coelbe, Germany). Cells were incubated with or without epidermal growth factor for the times indicated and harvested at 80 % confluency. After two washes with ice cold phosphate buffered saline (PBS), cells were divided equally into two sets, one of which was fixed with neutral buffered formalin for 30 min while the other was incubated on ice for the same time. Following fixation, cells were washed again twice with PBS. The Qproteome FFPE tissue kit buffer (Qiagen GmbH, Hilden, Germany) was used for protein extraction. Fixed and unfixed cells resuspended in Qiagen buffer were incubated for 20 min at 100°C and subsequently for two hours at 80°C. After centrifugation at 16600g, the pellets were discarded and the supernatants containing proteins were stored at -20°C.
Tissues
We used 20 human breast carcinomas that had been routinely processed (formalin fixation in 10% neutral buffered formalin) in the Klinikum rechts der Isar of the Technical University of Munich, Germany, from the years 2005 to 2006. Informed consent of each patient was obtained. The study was approved by the Ethical Committee of the Technical University of Munich, reference number 1288/05. Reference hematoxylin/eosin stained sections of the tissues were histologically verified by an experienced pathologist and areas of interest were indicated with a pen on the slides. Subsequent unstained sections of the same paraffin blocks were used for protein extraction [14] . Protein extraction was performed not later than 2 weeks after cutting the paraffin blocks. Proteins were extracted using a commercial protein extraction system (Qproteome FFPE Tissue Kit, Qiagen, Hilden, Germany) which provides optimized conditions for extracting non-degraded total protein from FFPE tissue sections as described previously [11] . Depending on the sizes of the tumor areas, up to 5 x 10 m sections were cut from each tissue block. After routine deparaffination of the tissue sections, the areas of interest (as indicated in the hematoxylin/eosin stained reference sections) were scratched from the unstained slides with a needle. The microdissected tissue attached to the needle was transferred into Qproteome FFPE Tissue Kit buffer and incubated for 20 min at 100°C and subsequently kept at 80°C for two hours. After centrifugation at 16600g, the pellets were discarded and the supernatant containing proteins were stored at -20°C. Protein concentrations were determined using the microBCA protein assay, according to the instructions provided by the supplier (Cat. No. 23235, Pierce, Rockford, IL, USA). Table 1 lists the proteins analyzed and antibodies used in Western blotting and/or reverse phase protein microarrays. 
Antibodies
Western Blot
For Western blot analysis, extracts from the cell lines or tissue samples mentioned above were prepared using the Qproteome FFPE Tissue Kit. Total protein was assessed as described above. Twenty micrograms of total protein were used for SDS-polyacrylamid gel electrophoresis (SDS-PAGE). Western blot and protein detection were performed as described previously [11] .
Reverse Phase Protein Microarrays
Protein lysate microarrays (also called reverse phase protein microarrays) were generated using a hand-held spotter ("MicroCaster", Whatman/Schleicher and Schuell, Dassel, Germany) according to the instructions of the manufacturers and as described previously [11] . From every protein lysate, 2 dilutions (1:
. After a peroxidase blocking step, the primary antibodies were applied at 4°C for app. 16 hours. Binding of the primary antibodies was detected using the ECLPlus Western Blot Detection System (Amersham/GE Healthcare Europe GmbH, München, Germany). For estimation of total protein amounts, parallel arrays were stained with Sypro Ruby Protein Blot Stain (Molecular Probes, Eugene, OR, USA) according to the manufacturer's instructions and visualized on an Eagle Eye (Stratagene, La Jolla, CA, USA). Developed films were scanned individually on a scanner (Scanjet 3770, Hewlett-Packard, Hamburg, Germany) with 1200 dpi and were saved as tif files. Density of protein spots was measured using Scion Image (Scion Corporation, Frederick, Maryland). Relative expression levels of proteins were calculated by normalizing to total protein.
Data Analysis
The results were analyzed by the Spearman rank correlation test, using SPSS version 15.0 (SPSS, Inc, Chicago, IL). In consideration to the Bonferroni adjustment, p values less than 0.05 were considered statistically significant.
RESULTS
One of the major goals for clinical researchers is to evaluate the information flow within cells and tissues in order to understand and predict the likelihood of response to novel agents targeting deregulated signaling pathways. Up to now, multiplex detection and quantification of signaling proteins have been performed exclusively using frozen tissues. However, as the routine processing of tissues in hospitals is formalin fixation, we asked whether activated (phosphorylated) signaling proteins can be extracted from formalinfixed cells and clinical tissues and detected by Western blot and protein lysate microarrays.
Detection of Phosphorylated Proteins in Formalin-Fixed and Unfixed Cells in Culture
It is not known whether posttranslational modifications (in this case: phosphorylations of tyrosine, serine or threonine residues) are retained after formalin fixation and protein extraction. The formal possibility exists that the phosphate moiety may be lost when proteins are extracted from formalin-fixed and paraffin embedded tissues because the method used involves heating the samples to 100°C in a special buffer system. For that reason, before clinical tissue samples were analyzed, we characterized phosphorylated proteins in lysates from three human cell lines: A431, LN-18, and LN-229. Cells were kept in serum-free medium for 16 hours and then treated with 100 ng/ml EGF for 0, 5, and 60 minutes. Proteins were extracted from formalin-fixed and unfixed cells in the same manner and subjected to SDS-PAGE. The proteins analyzed by Western blot included: EGFR, phospho-EGFR (Tyr1086), ERK1/2, phospho-ERK1/2 (Thr202/Tyr204), Akt, and phospho-Akt (Ser473). At the time points 5 and 60 min after stimulation, all phosphorylated proteins of interest could be clearly detected in at least one of the three cell lines analyzed. Generally, we found a very similar pattern of the proteins in formalin-fixed and unfixed cells (Fig. 1) . The clear detection of phosphoAkt in the cell line LN-229 and the low levels of phosphoAkt in the cell lines A431 and LN-18 as determined by Western blot were confirmed by protein lysate microarray analysis (not shown). Although weak signals for phosphoAkt were seen in A431 and LN-18 cells after EGF stimulation using protein arrays, these signals were at the detection limit of the Western blot conditions used here.
Detection of Phosphorylated Proteins in a Series of Breast Cancers
After having demonstrated successful extraction of phosphorylated proteins from formalin-fixed cells, we then started to analyse tissue samples which are representative for human disease. We analyzed 20 breast cancers that were selected from our archive according to the known HER2 status determined by routine immunohistochemistry (HercepTest, DAKO) and fluorescence in situ hybridization (FISH). Thus, the cases were selected non-randomly.
In this feasibility study, we focused on the protein kinases ERK1/2 (extracellular signal-regulated kinase 1 and 2) and their dual phosphorylation on Thr202/Tyr204. First, we wished to confirm the specificity of the antibodies using extracts from breast cancer samples, since highly specific antibodies are an essential prerequisite for reverse phase protein microarrays. Furthermore, there may be differences in antibody specificity between cell lines and human tissues. Proteins were extracted from FFPE breast cancer samples and subjected to 1D gel electrophoresis and Western blot analysis. Fig. (2) shows that the antibodies used for detection of either ERK1/2 or phospho-ERK1/2, reacted only with proteins at about 42 and 44 kDa, corresponding to the presumed molecular weights of the p42 and p44 MAP kinases. No other band appeared in the Western blot, apparently demonstrating no cross-reactivities of the antibodies used. For HER2, we detected the known variants, p185 and p95, in HER2 positive cases. Beta-actin immunoreactivity was visualized as loading control, demonstrating that enough protein was loaded in the lane for the HER2 negative case.
Subsequently, we extracted proteins from 20 breast cancers and performed reverse phase protein microarray analysis in order to quantify ERK1/2, phospho-ERK1/2, and HER2 expression (Fig. 3) . Fig. (2) . Demonstration of antibody specificity using protein extracts from formalin-fixed and paraffin-embedded human tissues. Western blots for (A) ERK1/2, phospho-ERK1/2 (Thr202, Tyr204) and (B) HER2, beta-actin are shown. HER2 status: -, HER2 negative; +, HER2 positive. Three cases (#5, #8, and #11) are shown in detail as examples. The relative protein expressions from the three proteins normalized to total protein (Sypro Ruby intensity) are listed in Table 2 . As shown in Table 3 , expression of HER2 shows a statistically significant positive correlation with ERK1/2 (p<0.03, rho=0.495). However, no association (p=0,95, rho=0.015) was observed between HER2 and phospho-ERK1/2. 
DISCUSSION
A common mechanism for intracellular signal transmission consists of reversible phosphorylation and dephosphorylation by kinases and phosphatases, respectively. The development of novel proteomic technologies that can quantitatively monitor the phosphorylation states of signaling proteins in a multiplex fashion will be an important step towards unravelling the complex signaling networks in diseased tissues.
Reverse phase protein microarrays are the method of choice for the quantification of diagnostic and therapeutic protein targets because they use internal standard curves, have a low detection limit, are economical, and are highly multiplex [15] [16] [17] [18] [19] [20] [21] . This form of protein microarray has often been used for the quantification of phosphorylated proteins extracted from cell lines or frozen tissues. However, direct clinical applications for profiling signaling molecules are still at a very early stage.
As cancer results from deregulation of the cell's signaling network, clinical tissue research has a special interest in investigating the phosphorylation state of proteins. The vast majority of clinical tissue samples, however, are routinely fixed with formalin and embedded into paraffin (FFPE) to be conserved for histophathological examinations. This procedure causes alterations in cellular macromolecules, including protein cross-linking, and thus impedes extraction-based biochemical characterization. Recently, we developed a protocol allowing isolation of high amounts of full-length, nondegraded, and immunoreactive proteins from routinely formalin-fixed tissue specimen for Western blot and reverse phase protein microarray analyses [11] . Thus, the objective of this translational study was to clarify whether phosphorylated proteins can be extracted and quantified from formalinfixed tissues.
Extraction of phosphorylated proteins was compared between cultured cells of three different EGFR-positive cell lines that had been treated with EGF for various times and were either fixed with formalin or left unfixed. Lysates were analyzed by Western blot; three representative target proteins covering different kinds of phosphorylation in mammalian signal transduction pathways, phospho-EGFR, phospho-Akt and phospho-ERK1/2, could readily be detected. Although not identical, the general time-course pattern is similar between formalin-fixed and unfixed cells.
Subsequently, this novel method for analyzing phosphorylated proteins in formalin-fixed samples was applied in a first clinically relevant study investigating a central protein kinase in 20 breast cancers that had been selected based on HER2 status. HER2 is a receptor tyrosine kinase, the biological and clinical role of which has been extensively studied in breast cancer. There are two major signaling pathways downstream of the HER-family of receptors: the Raf-MEK-ERK pathway and the PI3K-Akt pathway [22, 23] . Here we focused on the activation (phosphorylation) of ERK1/2. In a previous report it was shown, that expression of the phosphorylated ERK1/2 proteins as determined by Western blot corresponded to the activity levels of the enzymes, as determined by a protein kinase assay [24] . We did not find a correlation between HER2 over-expression and activation of ERK1/2. These results are in line with immunohistochemical studies reported previously, using a total of 245 breast tumour samples [24, 25] . In our study, we did not compare immunohistochemistry with protein microarray analysis because there is no standardized evaluation score available for ERK1/2 and phospho-ERK1/2.
In future studies, analysis of additional HER receptors (e.g., EGF receptor) and their phosphorylated forms may be included in order to establish the significance of HER receptor activation and phosphorylation of downstream signaling molecules in breast cancer. Generally, our approach could be the basis for the design of novel combination therapies for a targeted treatment of signaling pathways in a variety of cancers (Fig. 4) . Moreover, analyzing signaling pathways in FFPE tissues may be useful to predict response of novel anti-HER antibody-based therapies in breast and colorectal cancers.
CONCLUSIONS
Taken together, this proof-of-principle study supports the hypothesis that every tumour exhibits a unique combination of molecular alterations which requires detection of a sufficient number of phosphorylated signal transduction proteins in order to develop patient-tailored therapies targeting deregulated signaling pathways. The successful utility of reverse phase protein microarrays for analysis of phosphorylated proteins in formalin-fixed tissue samples has been demonstrated. Fig. (4) . Vision for a possible clinical application of our approach. Monitoring deregulated signaling pathways in formalin-fixed and paraffin-embedded (FFPE) tissue samples may be used to identify possible target structures for individualized cancer treatments.
